Measurements from the Global Navigation Satellite System (GNSS) have become a leading data source for ionospheric studies. Different technologies are used to monitor the ionospheric layer. It is possible to carry out this monitoring using GNSS networks through the indices of ionospheric irregularities, as well as through ionosondes and imagers. It has therefore become essential to correlate these forms of monitoring, presenting their advantages and disadvantages. With this in mind, the aim of this work was to perform an analysis of the behavior of the ionosphere in the Brazilian region through the ionospheric irregularity indices, along with ionosonde information and all-sky optical imagers, for a day of high solar activity (1 March 2014) and a day of low activity (12 April 2015). The results of each monitoring technique were compatible for the different scenarios, showing a moderate and positive correlation between the irregularity indices (FP) and ionosonde parameter. The imagers perform measures of greater spatial extent, however, they need favorable meteorological conditions. The ionosondes present a greater diagnostic capacity of the ionosphere but they are fewer in number than the imagers. The GNSS networks become ionosphere monitoring stations through the irregularity indices, enabling an increase in spatial resolution and a better understanding of ionospheric phenomena in the Brazilian territory.
Introduction
The atmosphere has great influence on the propagation of Global Navigation Satellite System (GNSS) signals, thus impelling numerous activities related to positioning from space observations and research related to the behavior of the ionosphere. GNSS measurements have become an important source of data for these studies. Various information sources are used in the development of ionospheric models, offering different applications, such as GNSS positioning (Macalalad et a., 2016) , the study of ionospheric morphology and dynamics (Lin et al., 2005; Biqiang et al., 2007) , and ionospheric monitoring (Linty et al., 2015; McCafferey et al., 2018) .
Total electron content (TEC) is one of the most important parameters used to describe the proprieties of the ionosphere. Ionospheric models use the dispersive propriety of the ionosphere on GNSS with the aim of describing TEC in space and time. Variations in electron density cause ionospheric scintillations which lead to fluctuations in carrier-wave amplitude and phase. A weakening of received power may cause loss of lock (Leick, 1995; Conker et al., 2003) .
It is possible to carry out studies of ionospheric behavior using GNSS networks. From these data, TEC can be estimated and, consequently, its rate of change of TEC, and thus the irregularity indices: fp, FP IROT and ROTI (Mendillo et al., 2000; Pi et al., 1997; Wanninger, 1993) . Another widely used tool is the all-sky imager, used to measure the intensity of an emission, providing absolute measurements of atmospheric nocturnal luminescence (nightglow) to obtain information about the ionospheric layer (Pimenta et al. 2003; Wrasse et al., 2007; Martinis et al., 2018) . Furthermore, it is also possible to conduct studies of the behavior of the ionosphere by ionosondes which provide the electron density profile, a device that works by the emission of vertical electromagnetic energy pulses in relation to the ground (Yamashita, 1999) . One of the advantages of ionosondes and GNSS networks compared to optical equipment, which is hampered by clouds and sunlight, is their ability to operate uninterruptedly, producing long time series of data.
The ionosphere varies according to magnetic activity, season, solar cycles and geographic location, being more intense in the equatorial regions (where a large part of the Brazilian territory is located). Brazil is therefore in a special region for carrying out studies of ionospheric behavior. The ionospheric layer over the Brazilian territory has consequently been studied by several researchers (Chu et al., 2005 , Muella et al., 2008 , Abreu et al., 2014 , Pereira and Camargo, 2017 .
The aim of this work is to perform an analysis of ionospheric behavior in the Brazilian region during quiet and disturbed days, using ionospheric irregularity indices along with ionospheric and imager information with the purpose of evaluating the performance of each technique presented. The integration of these forms of ionospheric layer monitoring becomes of great relevance as these monitoring methods provide a range of information about ionospheric behavior. The information can assist in the production of prediction models which are of great importance when it comes to GNSS positioning.
Methods of Analysis
The irregularity indices have the main function of classifying the state of the ionosphere, according to a standard established from GNSS information. The estimates of these indices are based on the rate of change of TEC, the ROT. Several indices can be used for the classification and investigation of ionospheric behavior, for example, irregularity indices such as fp and FP (Mendillo et al., 2000) , IROT (Wanninger, 1993) and ROTI (Pi et al., 1997) . The FP index is based on the fp index, which is obtained by the median of the ROTs eliminating possible high values; the IROT index is obtained by the RMS (Root Mean Square), and ROTI this is acquired from the standard deviation.
The ionosonde is an instrument that measures the electron density profile of the ionosphere through the emission of pulses (echoes) of vertical electromagnetic energy in relation to the ground. These echoes are recorded by the ionosondes and organized according to the frequency of transmission and the height of reflection of the electromagnetic pulses to form the so-called ionograms (Yamashita, 1999) . A range of ionospheric parameters can be extracted from ionogram analysis. Table 1 shows the parameters provided by an ionosonde. Usually, the ionospheric parameters are divided into specific groups. The parameter containing the letter E in its name is specific to the layer E; the group of parameters specific to the layer F, include F1 or F2 in their names; a last group, containing neither of the letters E and F, provide information independent of ionospheric layers. Critical frequency of the ordinary wave of the E2 layer, which sometimes appears between the normal E layer and the F1 layer h'E2
Minimum virtual height of layer E2 foF1
Critical frequency of the ordinary wave of layer F1 foF2
Critical frequency of the ordinary wave of the highest layer of the F region h'F
Minimum virtual height of layer F h'F2
Minimum virtual height of ordinary trait hmF2
Peak height of electronic density of layer F2 NmF2
Density of Electrons present in Layer F2 Source: Yamashita, 1999 .
Ionospheric irregularities manifest in the ionograms as a degradation of the signal, or a scattering when compared to the echo that would be detected in default of them (Yamashita, 1999) . Figure  1 presents two ionograms generated for the Boa Vista (RR) station, in (a) 1 February 2015, the irregularities are presented as a scattering (degradation) of the echoes and in (b)1 May 2015, the absence of irregularities. Imagers are considered an evolution of photometers which were one of the first instruments whose goal was the capture of atmospheric luminescence. Images of different emissions of luminescence make it possible to improve studies of the morphology and dynamics of the ionosphere at different altitudes. Using images from all-sky imagers, it is possible to identify the ionospheric bubbles through dark structures that are regions where the plasma density is reduced in relation to the ambient plasma. Figure 2 illustrates the plasma bubbles occurring over the field of view of the imagers, through the emission OI 630.0 nm for São Joao do Cariri (PB), 1 March 2013. 
Methodology
In this work, information of the ionospheric irregularity indices was compared and correlated, together with information concerning ionospheric parameters derived from ionosondes and data of the optical imagers. The ionospheric irregularity indices were estimated for the BOAV station located in Boa Vista (RR), belonging to the Brazilian Network for Continuous GNSS Monitoring (RBMC), using Ion_Index software (Pereira and Camargo, 2016) . The BOAV station was chosen due to its geographic location, close to the geomagnetic equator, because it is characterized by large ionospheric impacts. In addition, the region of the BOAV station also presents information from imagers as well as ionosondes.
The date of 1 March 2014 was selected because it is characterized by strong irregularities due to an increase in the electron density variation near the Southern autumnal equinox. The year is significant because it corresponds to the apex of solar cycle 24. The ionospheric parameters h'F (minimum virtual height of trace F), hmF2 (peak height of electronic density of layer F2) and NmF2 (maximum density of electron of layer F2) were also obtained from the ionosondes for the same location and day, as well as images obtained from all-sky imagers located in Boa Vista/RR. Ionosphere and imager information is provided by the Brazilian Studies and Monitoring of Space Weather (EMBRACE) program, on the National Institute for Space Research (INPE) website.
The same comparison was repeated for a day of low solar activity, 12 April, 2015. Irregularity indices were again estimated, along with the ionospheric parameters obtained through the ionosondes and information from the optical imagers. It is important to note that both GNSS networks and ionosondes collect data every 24 hours which are later made available by the responsible agency, producing a considerable body of data. However, the same does not apply to the imagers which only collect data at night, when atmospheric luminescence is necessary to capture the images. Furthermore, the presence of cloud or haze impedes the collection of night images.
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In addition, considering the FP index, the irregularities are classified as moderate, whereas the IROT and ROTI values indicate strong irregularities. This is justified by the data periods and the way in which the indices are calculated: ROTI and IROT indices consider all ROT values obtained, thus providing higher values than FP. It can therefore be said that the IROT and ROTI indices detail ionospheric irregularities better than the FP index, because both are obtained from smaller data periods than the FP index. For the IROT index, the period is 15 minutes, for ROTI it is 5 minutes and for FP it is 1 hour. Hence the IROT and ROTI indices identify small-scale signal fluctuations, while the FP index depicts the overall level of irregularities.
Analyzing the ionosonde parameters ( Figure 5 ) during the 00-04h UT period, the values of parameters h'F and hmF2 were high, thus proving the duration and level of the irregularity presented by the indices. The parameter h'F presented an average value of 240 km, with a maximum of 370 km. The height of the ionization peak was an average of 345 km, with a maximum of 475 km. The maximum electron density of the F2 layer (NmF2) confirms the behavior of the ionosphere irregularity indices. During 00-04h AM UT there was a rise in electronic density, obtaining a maximum of 2.8 m -3 , and also in the 23-24h UT, where the density reached 3.4 m -3 , after a decline.
Pearson correlation coefficients were calculated between the irregularity index FP and the ionospheric parameters for the period of high variability of electron density. The correlation values were modest: 0.40, 0.44, and 0.70, between the FP index and parameters h'F, hmF2, NmF2 respectively. In addition, scatterplot was made between the ionospheric indices (FP, IROT and ROTI) and the electronic density of the F2 layer parameter, shown in the Figure 6 . It is important to note that the choice of the FP index to calculate the correlations was due to its ability to describe the ionospheric irregularities at a more general level. Analyzing scatterplot between ionospheric irregularity indices and ionosonde parameter, electronic density of the F2 layer ( Figure 6) , it was observed that all irregularity indices showed a moderate and positive correlation. Excluding the outliers present in scatterplot, the correlation between and the ionosonde parameter NmF2 and ionospheric irregularity indices Fp, IROT ROTI becomes 0.75, 0.65, 0.81 respectively, indicating strong and positive correlation.
The estimated irregularity indices of the instant 01:00 UT 1 March, 2014, presented the highest values. The respective ionogram was obtained (Figure 7) , from which the irregularities can be verified by scattering (degradation) of the echoes. The traces are not well defined on the ionogram, scattered in altitude direction. The images with all-sky optical imagers were also obtained for the range of the largest irregularities (00-04h UT). These irregularities were able to generate ionospheric bubbles ( Figure  8) , which are often capable of causing fluctuations in the GNSS signals (ionospheric scintillation). These periods are associated with the existence of small-scale irregularities in electron density. In order to check results, the same tests were also carried out for a day of low solar activity, 12 April, 2015 being the day selected. Figures 9 and 10 show the ionospheric irregularity indices and the ionospheric parameters from the ionosondes, again for the BOAV station. Analyzing the irregularity indices (Figure 9) , it was observed that the values remained below the classification thresholds of low levels of irregularities of the ionosphere (green line) throughout the day. It can therefore be inferred that the ionosphere was calm, as expected, as the selected day corresponds to a period of low ionospheric activity. It can nevertheless be seen that, in the period from 00-04h UT, and at around 18-22h UT, there was a small variation in the electron irregularities present in the ionospheric layer, but this was insufficient to raise the indices, classifying the selected day as a calm day.
Considering the ionospheric parameters from the ionosondes (Figure 10) , it can be seen that the parameter h'F presented an average value of 239 km, with a maximum of 383 km, and the height of the ionization peak is an average of 342 km, with a maximum of 503 km. The maximum electron density of the F2 layer (NmF2) confirms the behavior of the ionosphere irregularity indices. During 00-04 h UT there was a rise in the electron density, obtaining a maximum of 2.8 m -3 , as well as in the 18-22 h UT, where the density reached 2.00 m -3 . It can be seen from the ionospheric parameters from the ionosondes h'F and hmF2 that the indices presented similar values. However this behavior was not expected as the days selected have different characteristics. However, when analyzing the ionospheric parameters of 1 March 2014, the values presented the greatest variations when compared to 12 April 2015. This behavior can be evidenced between 18.00 h and 20.00 h UT.
When considering the instant 18:00 UT of 12 April 2015, the estimated irregularity indices of which presented the highest values, the relevant ionogram was obtained ( Figure 11 ). It can be seen that there were no ionospheric irregularities as the traces of the ionogram were well defined. Images from optical imagers were obtained for one of the periods in which there were the largest ionospheric irregularities (00-04 h UT) ( Figure 12 ). It can be verified that the ionospheric irregularities present were not able to generate ionospheric bubbles. Although the images are impaired by the meteorological conditions, it is possible to see that there were no bubbles, as was expected. It has been observed that each technique for monitoring the ionospheric layer presents its advantages and disadvantages. The imagers enable measures of greater spatial extent to be carried out, as compared to the ionosonde, enabling the observation of extensive areas. However, for imagers to be used to maximum effect, it is necessary to have favorable weather conditions without mist or clouds.
Ionosondes are equipped with a higher capacity for diagnosis of the ionosphere and can operate continuously for long periods producing long time series, allowing inferences to be made about the ionosphere's behavior as well as the weather in space. However, these devices, like optical imagers, exist only in small numbers in Brazilian territory.
The growth of GNSS technology in recent years has led to it being used as an alternative way of studying the ionosphere. Combining the dispersive property of the ionospheric layer with GNSS signals in multiple carrier frequencies makes it possible to estimate TEC, which is the main parameter capable of describing the behavior of the ionosphere. And with the implementation of active network stations, GNSS signal monitor stations are becoming ionosphere layer monitoring stations capable of estimating ionospheric irregularity rates. This densification of stations enables an improvement in spatial resolution, as the number of instruments dedicated to the monitoring of the ionosphere in Brazil is reduced, thus enabling a better understanding of ionospheric phenomena throughout Brazilian territory.
Integration of the forms of ionospheric layer monitoring has become of great relevance, as it provides a great deal of information about the behavior of the ionosphere. Such information can contribute to the development of prediction models, which are of great importance when it comes to real-time positioning, one of the major trends in the current era.
Conclusions
Different technologies were analyzed for the monitoring of the ionospheric layer. It has become essential to correlate these forms of monitoring, presenting their advantages and disadvantages. With this in mind, the aim of this work was to perform an analysis of the behavior of the ionosphere in the Brazilian region through the ionospheric irregularity indices, along with ionosonde information and all-sky optical imagers.
Two different scenarios were chosen for the experiments carried out in the work. For the first experiment, 1 March 2014 was considered, as it is characterized by the presence of a high variability in the density of electrons in the ionosphere. The second was 12 April 2015, characterized by low levels of ionospheric irregularities. The results for each monitoring technique were compatible. The results showed a positive and moderate correlation between the FP irregularity index and the ionospheric parameters, being approximately 0.70; 0.40; 0.44 with the parameters NmF2, h'F and hmF2, respectively, allowing an evaluation of the behavior of the ionosphere and the climate, through irregularity indices, ionosonde parameters, and imagers.
Regarding the irregularity indices investigated, it is concluded that ROTI index should be used for the temporal study of ionospheric irregularities while spatial study should be performed by the fP index. The FP index is used for general purposes, this is when a value representing the general level of ionospheric irregularities is required.
It can be seen that each technique for monitoring the ionospheric layer presents its advantages and disadvantages. There is only a limited number of imagers and ionosondes distributed throughout the Brazilian territory, with insufficient data for the monitoring and more detailed analysis of ionospheric irregularities.
The use of GNSS network stations therefore becomes an convenient way of monitoring the ionospheric layer, as they provide a greater set of information about the Brazilian ionosphere, which in return serves to feed mitigation models, as well as increasing the level of spatial resolution, as the number of instruments dedicated to the monitoring of the ionosphere in Brazil is reduced. This densification allows a better understanding of the dynamics of the main ionospheric effects in Brazil.
